Hydrologists are urgently seeking to find a more universal and inexpensive tracer for baseflow separation, and gage height may form an appropriate choice. This study derives the gage height mass balance (GHMB) and gage height power function (GHPF) methods using a two-component mass balance equation based on the relationship between the gage height and streamflow. The GHMB and GHPF methods are corrected by comparing the results of the conductivity mass balance (CMB), conductivity power function (CMBPF), GHMB, and GHPF methods in 20 basins in the United States.
INTRODUCTION
There are many kinds of baseflow separation methods, which can be divided into three categories according to the different separation mechanisms involved. The first category involves the time-step methods, which usually divide streamflow sequences into several small units according to a certain time-step N, and subsequently, the minimum value in each unit is selected to obtain the baseflow via linear interpolation. Such methods mainly include the BFI method (Wahl & Wahl ) , HYSEP method (Sloto & Conductivity, as a relatively easy-to-obtain tracer, has been favored by many hydrologists (Miller et al. ) .
However, many hydrological stations in the United States and other countries do not have historical records of conductivity, and thus, the application of the CMB and CMBPF methods has been limited. Thus, the search for a more common and low-cost tracer to substitute for conductivity has attracted considerable research interest.
Meanwhile, gage heights are recorded in almost all hydrological stations and can, therefore, be a more common tracer for baseflow separation. Against this backdrop, the main purpose of this study is to analyze the relationship between gage height and streamflow and to derive a mass balance method using gage height as a tracer (GHMB) and a power function method based on the gage height (GHPF).
In the study, the GHMB and GHPF methods were corrected by comparing the results of the CMB, CMBPF, GHMB, and GHPF methods in 20 basins in the United States. The corrected GHMB and GHPF methods were applied to seven other basins, and the effectiveness of the two methods was verified by comparison with conventional methods and the CMB method.
METHODS CMB and CMBPF methods

CMB method
The CMB method has been derived from the twocomponent mass balance equation using conductivity as a tracer (Stewart et al. ) :
where Q denotes the discharge (ft 3 /s), Q BF the baseflow (ft 3 /s), Q C the specific conductance, BF C the baseflow conductivity, and RO C the surface runoff conductivity.
CMBPF method
The CMBPF method is derived by substituting the power
0 between discharge and conductivity into the CMB equation (Equation (1)) (Lott & Stewart ) . Here, a 0 denotes the y-intercept of the bestfit straight line of the conductivity vs discharge plot in the double logarithmic coordinate system, and b 0 denotes the slope:
where a, b, and c are constants defined, respectively, as
Gage height as tracer
It is well known that there is a positive correlation between the gage height and discharge. As the discharge increases, the gage height also increases, and the synchronization between these two quantities is well studied (Appendix, Figure S1 (a), available with the online version of this paper). The scatter points of the gage height vs discharge approximate a straight line in the double logarithmic coordinate system, which satisfies the power function of H ¼ aQ b (also known as the rating curve). There is a positive correlation between gage height and discharge, and the slope of the gage height vs discharge curve is positive (Appendix, Figure S2 (a), available online).
Simultaneously, conductivity is significantly reduced with increase in discharge, and the minimum conductivity values are very close for various flood peaks (Appendix, Figure   S1 (b)). In this regard, Lott & Stewart () pointed out that the scatter points of conductivity vs discharge approximate a straight line in the double logarithmic coordinate system, which satisfies the power function of Q C ¼ aQ b
. Due to the negative correlation between conductivity and discharge, the slope of the line is negative (Appendix, Figure S2 (b)).
The relationship between gage height and discharge is very similar to the relationship between conductivity and discharge. The measurement of gage height is easy to achieve, and many gages store the daily average data of gage height.
Therefore, it is possible to utilize the gage height as a tracer for baseflow separation by appropriate conversion.
GHMB and GHPF methods
GHMB method
The gage height mass balance (GHMB) method has been derived using the gage height as a tracer via the 
In order to facilitate the calibration of the gage height mass balance method, a correction factor k was added to Equation (6):
where Q denotes the discharge (ft 
GHPF method
The GHMB method requires continuous gage-height observations. In order to utilize limited gage height for longperiod baseflow separation, the gage-height-based power function (GHPF) method has been derived by substituting
Upon rewriting Equation (6):
The gage height is related to discharge as
where α 0 and β 0 denote the y-intercept and slope, respectively, of the best-fit straight line of the gage height vs discharge scatter points in the log-log coordinate system. Substituting Equation (9) into Equation (8),
Further,
Simplifying,
In order to facilitate the calibration of the gage-heightbased power function method, a correction factor k was added to Equation (12). Before calibration, k was set as 1. Thus,
where α, β, and γ are constants defined, respectively, as:
Data
This study uses data from 27 stream gages distributed across the USA. Basins that represent a large range of basin areas and physiographic and climatic regions were selected for the study. All the streams considered in this study are perennial streams, with basin areas ranging from 10 km 2 to 16,757 km 2 . Each gage has at least 2 years of continuous discharge, specific conductance, and gage height over the same period. All discharge, gage height, and specific conductance data are daily average values retrieved from the United States Geological Survey's (USGS) National Water Information System (NWIS) website (http://waterdata.usgs.gov/ nwis).
RESULTS AND DISCUSSION
Calibration of GHMB and GHPF methods
The average baseflow of the 20 basins separated by GHMB and GHPF methods is generally larger than that separated by the CMB and CMBPF methods. The average correlation coefficients of the four methods are greater than 0.75 (Appendix , Table S1 , available with the online version of indicate that it is reasonable to calibrate the GHMB and GHPF methods using a single constant k.
In the Cartesian coordinate system, the slope of the leastsquares fit line for the average baseflow as calculated by GHPF and CMB is 0.55, with R 2 ¼ 0.85 (Figure 1(a) ). The slope of the least-squares fit line for the average baseflow as calculated by GHMB and CMB is 0.58, with R 2 ¼ 0.87 (Figure 1(b) ). Therefore, the values of the correction factor k for the GHPF and 
Comparison with CMB method
Considering the CMB method as the standard, this study statistically analyzed the daily average baseflow calculated via the GHMB and GHMB methods after correction (Tables 2 and 3 The correlation coefficient (R) between the GHMB and CMB methods ranges between 0.51 and 0.86, while the NSE ranges between 0.11 and 0.73 (Table 2 ). The R value between the GHPF and CMB methods lies between 0.62 and 0.84, and the NSE is between À1.61 and 0.63 (Table 3 ). The daily average baseflow as calculated by the GHMB and GHPF methods can be suitably fitted with the CMB method, but the GHMB method is closer to the CMB method than the GHPF method. When the flood peak is larger, the baseflow as calculated by the GHMB and CMB methods is obviously suppressed and that of the GHMB method is more obvious, while the GHMB method affords no obvious suppression (Figure 3(b) ). When the flood peak is larger, the gage height of the river is higher than the groundwater level, the river water leaks into the groundwater aquifer, and thus, the baseflow is suppressed (Lott & Stewart ) . The separation results of the GHMB, GHPG, and CMB methods are highly consistent in the low-flow stage, and therefore, the deviation of baseflow between the gage height and conductivity as tracers mainly occurs in flood events, particularly when the flood peak is large.
CONCLUSIONS
Upon using the gage height as tracer, this study derived the GHMB (Equation (7)) and GHPF (Equation (13) (2) The statistical analysis results showed that the GHMB and GHPF methods can be well fitted with the CMB method (the mean R values were 0.75 and 0.78, and the NSE means were 0.43 and À0.04, for GHMB and GHPF, respectively).
(3) The results of baseflow separation during flood events indicate that the baseflow is significantly suppressed when the flood peak is larger, and the deviation between the GHMB, GHPF, and CMB methods mainly occurs in the case of flood events with a large flood peak.
In this study, the GHMB and GHPF methods were corrected using a single constant k, which may not be Future studies will need to focus on correcting the GHMB and GHPF methods with the use of varying coefficients, and special attention needs to be paid to the correction of deviations in flood events. In conclusion, the findings of this study can suitably contribute to developments in hydrology.
